chemical and physical characteristics of ground water, particularly with respect to substances that occur in trace amounts, does not meet needs in Michigan and in other parts of the nation. Such information is essential for establishing baseline condi tions against which long-term changes in water quality can be judged, and for properly evaluating the degree and severity of contamination when it occurs. In addition to supporting management decisions relating to the protection of the water resource, a better definition of natural water quality is necessary for studies of the significance and relation of the geochemical environment to human health and disease. Water quality information is also important in the identification and develop ment of mineral resources. As minerals become scarce, and as their value increases, chemical analyses of ground water will likely be used even more frequently for this purpose.
In 1974, the Geological Survey Division of the Michigan Department of Natural Resources and the U.S. Geological Survey began a cooperative program to investigate the natural characteristics of water in aquifers in the state. The program is a continuing one in which carefully selected wells are sampled each year. New wells are also drilled to the principal aquifers to monitor both water quality and water levels. The 1/ The term "natural" is used to characterize water exhibiting no readily detectable modification by man's activity. It is probable that few, if any, of the ground waters normally sought as supplies are com pletely free of all cultural influence. design and construction of these wells is such that they are suitable as long-term observation sites. Site selection is made in all cases so as to avoid known, or even suspected, contamination. Since 1974, about 30 samples have been collected each year, and 17 wells have been drilled. Information obtained through this program forms the basis of this report.
Purpose and Scope of Study
This report presents a preliminary evaluation of the natural chem ical and physical characteristics of ground waters in Michigan. Because data are few, interpretations are intended to illustrate the direction that studies need to take when information has accumulated from the continuing program. For this study, maximum and minimum values of individual substances and properties have been determined, as well as how frequently values of a given magnitude may be expected. Waterquality characteristics have been related to geologic source, areal variations identified if possible, and geochemical associations noted. Chemical analyses from other data programs or sources have not been used in this evaluation, largely because it seemed preferable to confine the study to data obtained under the same uniformly strict conditions and because no prior analyses for some substances are available.
Method of Investigation
In conjunction with the Michigan Geological Survey, available information on wells was reviewed each year to select possible wells for sampling. Geologic source, well location, and the probability of ob taining representative water from an aquifer were considered in the selection. Wells were pumped from a half to one and a half hours before sample collection. While at the well site, specific conductance, pH, and temperature were measured. Filtration, treatment, or chilling was also done at the site, as appropriate.
Laboratory analyses of 86 substances or properties were normally made. The major anions and cations, trace metals, pesticides, and other substances of particular significance were included in analytical work. One hundred and fifty-five samples were collected, 39 of which were collected when wells were resampled. The second sample was obtained from some wells when a result was questionable, or to confirm an unusual quality characteristic. Analysis of water from three wells have not been used in this study because, in the author's judgment, modification of natural water quality is detectable. In tabulating maximum and minimum values, 152 analyses have been used. For all other evaluations of the data, only one analysis of water from a well has been used in order to prevent distortions in mean and frequency computations. Thus, most conclusions are based on analyses of 113 samples. Complete chem ical analyses of water from each well and exact well locations have been published in annual reports by Huffman (1979a,b) . These reports, avail able from the U.S. Geological Survey in Lansing, may be consulted for more complete and specific information. A description of laboratory methods used by the U.S. Geological Survey in the analysis of samples is given in Barnett and Mallory (1971) , Goerlitz and Brown (1972) , Thatcher and others (1977) , and Skougstad and others (1979) .
Samples were obtained from wells in 63 of Michigan's 83 counties at locations distributed throughout the state. Geologically, water samples were obtained from 23 different glacial and bedrock deposits. (See  table 5 .) If no firm characterization of the composition or texture of glacial deposits could be made, the source of water has been identified as "Glacial deposits, undifferentiated." GENERAL WATER-QUALITY CONDITIONS Considerable variation occurs in the quality of ground water from place to place throughout the state. Table 1 lists the maximum and minimum values for all substances and properties other than pesticides. Maximum and minimum dissolved-solids concentrations differ by a factor of about 100, although the range for individual substances may be much greater. Concentrations of most substances are within the range common for ground waters, with the exceptions of those of iron, aluminum, and titanium. The maximum concentrations of each were: iron, 29,000 pg/L (micrograms per liter); aluminum, 44,000 pg/L; and titanium, 3,600 pg/L.
Waters having a low dissolved-solids concentration are generally calcium bicarbonate waters, that is, the calcium constitutes more than 50 percent of the cations and bicarbonate constitutes more than 50 percent of the anions. As the dissolved-solids concentration of a typical water increases, the proportion of sodium, sulfate, and chloride increases. Figure 1 illustrates generalized changes in chemical com position as dissolved-solids concentration increases. Sulfate increases most rapidly as dissolved solids increase, accompanied by a proportional decrease in bicarbonate. A decrease in calcium is balanced by a corres ponding increase in sodium. Magnesium does not change appreciably.
In general, the concentrations of major dissolved substances in crease as dissolved solids increase. Concentrations of most trace substances, however, seem to be unrelated to the dissolved-solids con centration of the water. For example, no correlation was detected between dissolved-solids concentration and aluminum, barium, boron, cadmium, chromium, copper, iron, lead, manganese, nitrogen, silica, titanium, vanadium, uranium, or zinc. Strontium, an exception, does increase as dissolved solids increase.
Specific conductance, which is a measure of the ability of water to conduct an electrical current, is frequently used to estimate dissolvedsolids concentration. The relation of dissolved solids to specific conductance is determined by the amount and type of substances in solu tion. Generally, water composed predominately of divalent ions will have a dissolved solids-specific conductance ratio greater than a water composed predominately of univalent ions. Figure 2 shows the relation of specific conductance and dissolved-solids concentration based on samples collected for this study. The nonlinear relation reflects the changing composition of the water shown in figure 1.
Polychlorinated biphenyls, polychlorinated napthalenes, and 23 pesticides were determined on each sample. Analyses were made for each of the following substances: Pesticides were detected in water from only two wells, both in the northern part of the state. Water from these wells contained trace amounts of PCB, 2,4-D, and 2,4,5-T. A resampling of the water showed no detectable levels. Other chemical characteristics of water from both wells indicated, however, that the water was not representative of natural conditions, and thus the analyses were not included in data summarized in this report.
Frequency distributions of data were prepared for most substances and properties, and curves were drawn showing the percentage of ground waters having a value equal to or less than a specified amount. From these curves, values occurring at the 10, 25, 50, 75, and 90 percentiles were determined and listed in table 2.1/ Results indicate how often values of a given magnitude may be expected in uncontaminated ground waters of Michigan, and thus provide a preliminary basis for judging the modification of water quality characteristics. For example, 10 percent of the chloride concentrations are equal to or less than 0.7 mg/L (milligrams per liter); 90 percent of the concentrations are equal to or less than 54 mg/L. Similarly, nitrate, which in high concentration commonly indicates contamination, is equal to or less than 0.24 mg/L in 90 percent of the waters.
A comparison of frequency data to drinking water standards of the U.S. Environmental Protection Agency (1977a,b) is shown in table 3. Both maximum contaminant levels for inorganic chemicals and secondary maximum contaminant levels were referred to frequency curves and the percentage of time the level was equaled or exceeded determined. Lead concentrations exceeded the 50 pg/L maximum contaminant level in 13 percent of the ground waters. Iron and manganese concentrations are frequently greater than secondary maximum levels; total dissolved-solids concentration exceeded the secondary maximum level in 15 percent of the 1/ Bismuth, gallium, and germanium are reported as "less than (<)" values. For these substances, low concentrations are reported by the laboratory in a qualitative manner because of the expense of precise quantitative analyses. Frequency distributions prepared for these substances represent a distribution of the most frequently reported "less than" results, and thus values given in table 2 may or may not correspond to concentrations that occur at the indicated frequency. 
AREAL VARIATIONS IN WA'T'ER QUALITY
Geologic conditions are a principal factor determining the areal variation in quality of ground water throughout the state, although differences may also be due to varying hydrologic conditions. Examples of the areal predominance of some water-quality characteristics are shown in figures 3, 4, and 5. Areal patterns were determined by plotting values on maps, and noting areas of similarity. Dissolved-solids concen tration of water tend to be highest in the central part of the Lower Peninsula ( fig. 3 ). Many wells in this area obtain water from bedrock deposits, which normally contain more highly mineralized water. The major dissolved substances -calcium, magnesium, sodium, sulfate, and chloride -also tend to be highest in the same area. Hardnessli of water is highest in the southeastern part of the state and at some places in the Upper Peninsula ( fig. 3 ).
Areal predominance of barium and ammonia is illustrated ( fig. 4 ) because each substance has caused either concern or a problem in the past few years. In 1974, concentrations of barium in some ground waters in southeastern Michigan were found to be as high as 7,800 pg/L--an amount considered unsafe for human consumption. Although no concentra tions of that magnitude were found during this investigation, higher barium concentrations seem to occur in the southeastern part of the state. More frequent analyses for barium in the area are probably warranted.
The ammonia concentration of ground water has been of major signi ficance on at least one occasion during the past several years. Plans for a fish hatchery in southeastern Michigan were abandoned when ground water was found to contain ammonia in excess of that suitable for pro pagation of trout. Figure 4 shows that higher ammonia concentrations are likely in the south-central and southeastern part of the state. As information accumulates, more precise delineations of ammonia distri bution may provide one of the initial bases for judging the suitability of a ground water for fish hatchery use. Areal predominance of iron and lead is shown in figure S . Iron concentrations are highest in the Upper Peninsula and in the south eastern part of the Lower Peninsula. Lead seems to be highest in the north-central part of the Lower Peninsula, where concentrations fre quently approach the maximum permitted in drinking water supplies.
RELATION OF WATER QUALITY TO GEOLOGIC SOURCE
Chemical analyses were made on water collected from wells tapping seven glacial deposits (77 samples) and 16 bedrock deposits (36 samples). On the basis of lithology, nine bedrock deposits may be classified primarily as limestone or dolomite, five as sandstone, one as a shale, and one as a sandstone and shale. Some of the bedrock deposits, such as the Saginaw Formation, contain sandstone, shale, limestone, and coal. The average depth of wells in glacial deposits (95 feet) is about half the average depth of wells in bedrock deposits (215 feet). Although no precise correlation can be demonstrated, the mineralization of water tends to increase as depth of wells increase ( fig. 6 ). The mean dissolved-solids concentration of water from glacial deposits was 241 mg/L; the mean for bedrock deposits was 535 mg/L. Seventy-two percent of the maximum values given in table 1 are associated with water from bedrock deposits. Among glacial deposits, outwash deposits generally contain water having the highest dissolved-solids concentrations. Higher than average concentrations of some trace metals also occur in water from outwash. Among bedrock deposits, water from the Saginaw Formation was more highly mineralized than that from other bedrock deposits. Some of the maximum concentrations of trace substances also occur in water of the Saginaw Formation. Table 4 shows mean concentrations for selected substances in water from glacial and bedrock deposits; mean concentrations computed by deleting data obtained from outwash deposits and the Saginaw Formation are also shown.
A comparison of water from limestones and dolomites, from sand stones, and from glacial deposits identified few distinguishing char acteristics. For most substances, mean concentrations given in table 5 do not offer sufficient evidence to form firm conclusions regarding differences in the water quality of each geologic source. Figure 10 illustrates, however, how boron and sodium are related to lithology. Highest concentrations of each occur in water in the sandstones; lowest concentrations occur in water in glacial deposits. Areas delineated for each deposit encompass 80 percent or more of the boron and sodium con centrations available for plotting. 
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RELATION OF WATER QUALITY TO MINERAL ASSOCIATIONS
Mineral associations in geologic materials have been studied extensively. Frequently these associations are reflected in the chem ical composition of water, and, for this reason, chemical analyses for trace substances serve as a prospecting tool. In the analyses of data for this report, about 40 possible relations between substances were investigated either by simple plotting of data or by regression analy sis. As data are few and concentration ranges narrow for some sub stances, correlation was poor, even for some of the better known and understood associations. Extensive treatment is thus unwarranted in this report. Significant associations, involving aluminum and its relation to titanium and zirconium, are given as illustrations.
Aluminum is not commonly present in natural waters in concentra tions greater than a few tenths of a milligram per liter. Its solu bility is sometimes increased owing to the formation of complexes with fluoride and sulfate. Once dissolved from rocks, it rapidly forms aluminum hydroxide, which has a low solubility in the pH range of most natural waters. High concentrations of aluminum occur in water from several geologic sources in Michigan, and a relation between the concen tration of aluminum and the composition or texture of deposits is not evident. Shale has been cited as having the highest average aluminum content among sedimentary rocks (Hem, 1972) , and a well drilled in the Saginaw Formation, which is primarily sandstone and shale, did yield water having an aluminum concentration of 44,000 pg/L. Although the sample was clear when collected, much of the aluminum was probably in a finely divided particulate form. Water of the same well had a titanium concentration of 3,600 pg/L. The author is aware of only one higher concentration of titanium (5,400 pg/L), and that occurred in water associated with volcanos in Kamchatka, U.S.S.R. (White and others, 1963) .
A plot of titanium concentrations versus aluminum concentrations is shown in figure 11 . A regression analysis of the data gave a corre lation coefficient of 0.91. The relation of the two constituents seems consistent with data of Migdisov (1960) who studied the titanium-aluminum ratio of sedimentary rock samples in Russia. Migdisov concluded, from an analysis of more than 1,900 samples, that the TiO2/Al2O3 ratio was 0.053. Expressed as a Ti/Al ratio, the value is 0.06. Figure 11 suggests that the Ti/A1 ratio for Michigan ground waters ranges from about 0.1 to about 0.06. This consistency indicates that the titaniumaluminum association in Michigan ground waters is a reliable one, and one that might have significance in investigating the occurrence of titanium deposits.
The relation of aluminum to zirconium in water ( fig. 12 ) may also be of possible significance in geochemical investigations. Zirconium, like aluminum and titanium, seems to occur in concentrations higher than commonly reported. Il'ina and others (1970) found that the zirconium and titanium contents of sandstone, siltstone, and clay are related. This fact, and the apparent relationship of aluminum and titanium, suggest that a aluminum-zirconium relationship is to be expected. ;
•-.f. 4 : . Analysis of data for this report, as well as ample geochemical literature, suggest that identification of other mineral associations may be possible as information accumulates. For example, relations between copper and titanium, manganese and iron, copper and zirconium, vanadium and iron, and boron and sodium are apparent but less definite. Further, relations between pH and higher lead concentrations and between pH and aluminum are suggested by data. Strontium, which is chemically similar to calcium and generally in close geochemical association with it, increases rapidly as calcium increases. The concentration of strontium in ground waters analyzed shows a closer relationship with magnesium, however. Strontium increases by a factor of about 100 as magnesium increases by a factor of about 5. Strontium also increases as sulfate increases.
CONCLUSIONS
Chemical and physical analyses of 152 samples collected from 1974 to 1979 indicate that the quality characteristics of ground water in Michigan vary widely. Water from bedrock deposits is more highly min eralized than that of glacial deposits. Among glacial deposits, outwash yields the most highly mineralized water. Among bedrock deposits, the Saginaw Formation yields the most highly mineralized water. Calcium and bicarbonate are generally the predominant ions in waters of lower min eralization, whereas sodium, sulfate, and chloride are the predominant ions in waters of higher mineralization. About 75 percent of ground waters may be classified as hard or very hard. Iron occurs in concen trations that are higher than common in many natural ground waters. Aluminum and titanium occur in unusually high concentrations, and their occurrence seems to be one of mineral association.
Frequency distributions indicate that a significant number of waters do not meet U.S. Environmental Protection Agency drinking water standards for iron, manganese, lead, total dissolved solids, and color. Sulfate, pH, fluoride, copper, chromium, chloride, and cadmium also do not meet standards at times. Scant data indicate that lead tends to be naturally higher in ground water in the upper part of the Lower Pen insula than in other areas. Dissolved-solids (sum of constituents) concentrations, which ranged from 23 to 2,100 mg/L statewide, are high est in the southern part of the Lower Peninsula.
Too few data are available to define conclusive differences in the chemical characteristics of water from each geologic source. Mean concentrations, computed for each glacial and bedrock deposit, do provide a basis for comparison.
Mineral associations, notably those of aluminum and titanium and aluminum and zirconium, are evident from data obtained. Further work will likely develop additional relationships that are only tentative at present. [The number of samples collected from each source and used in computing tabulated means is as follows: Glacial deposits, undifferentiated, 11; gravel, 5; moraine, 1, outwash, 13, sand, 35; sand and clay, 1; sand and gravel, 11; Pennsylvanian shale, 1; Pennsylvanian sandstone, 1; Saginaw Formation, 10; Marshall Formation, 5; Traverse Group, 2; Dundee Formation, 1; Engadine Dolomite, 2; Burnt Bluff Formation, 2; Man istique Dolomite, 1; Big Hill Limestone (of Hussey, 1926) 
